Beyer AM, Durand MJ, Hockenberry J, Gamblin TC, Phillips SA, Gutterman DD. An acute rise in intraluminal pressure shifts the mediator of flow-mediated dilation from nitric oxide to hydrogen peroxide in human arterioles. Am J Physiol Heart Circ Physiol 307: H1587-H1593, 2014. First published September 26, 2014 doi:10.1152/ajpheart.00557.2014 is the primary mediator of flow-mediated dilation (FMD) in human adipose microvessels. Impaired NO-mediated vasodilation occurs after acute and chronic hypertension, possibly due to excess generation of reactive oxygen species (ROS). The direct role of pressure elevation in this impairment of human arteriolar dilation is not known. We tested the hypothesis that elevation in pressure is sufficient to impair FMD. Arterioles were isolated from human adipose tissue and cannulated, and vasodilation to graded flow gradients was measured before and after exposure to increased intraluminal pressure (IILP; 150 mmHg, 30 min). The mediator of FMD was determined using pharmacological agents to reduce NO [N G -nitro-Larginine methyl ester (L-NAME), 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO)], or H2O2 [polyethylene glycol (PEG)-catalase], and mitochondrial (mt) ROS was quantified using fluorescence microscopy. Exposure to IILP decreased overall FMD (max %dilation: 82.7 Ϯ 4.9 vs. 62 Ϯ 5.6; P Ͻ 0.05). This dilation was abolished by treatment with L-NAME prepressure and PEG-catalase after IILP (max %dilation: L-NAME: 23.8 Ϯ 6.1 vs. 74.8 Ϯ 8.6; PEG-catalase: 71.8 Ϯ 5.9 vs. 24.6 Ϯ 10.6). To examine if this change was mediated by mtROS, FMD responses were measured in the presence of the complex I inhibitor rotenone or the mitochondrial antioxidant mitoTempol. Before IILP, FMD was unaffected by either compound; however, both inhibited dilation after IILP. The fluorescence intensity of mitochondria peroxy yellow 1 (MitoPY1), a mitochondria-specific fluorescent probe for H2O2, increased during flow after IILP (%change from static: 12.3 Ϯ 14.5 vs. 127.9 Ϯ 57.7). These results demonstrate a novel compensatory dilator mechanism in humans that is triggered by IILP, inducing a change in the mediator of FMD from NO to mitochondria-derived H 2O2.
bioavailability (4, 26) . With chronic loss of NO in disease, compensatory mechanisms can preserve FMD. For example, mice with a genetic deletion of endothelial (e)NOS maintain dilation through compensatory pathways via PGI 2 , cytochrome P450-derived metabolites of arachidonic acid, or H 2 O 2 (3, 15) . Furthermore, it has previously been established that H 2 O 2 is the vasoactive mediator released from the endothelium in response to increased shear stress in the coronary and adipose microcirculations of patients with coronary artery disease (CAD).
It is unknown how ubiquitous the plasticity in the FMD response is, i.e., whether compensatory mediators of dilation are only induced in response to chronic disease or if similar mechanisms can be induced after acute physiological stress (e.g., exercise). Furthermore, even though acute and chronic hypertension can modulate endothelium-dependent dilation (36) , it is not known whether the elevation in pressure per se is sufficient for the change in endothelial function. We hypothesized that an acute increase in intraluminal pressure in isolated adipose microvessels from healthy individuals would shift the mechanism of FMD from NO to H 2 O 2 . Using an in vivo approach, we have previously published that exercise-induced increases in systolic pressure to levels Ͼ170 mmHg led to sustained impairment in FMD (19, 36) . We postulated these increases in systolic pressure translated to intraluminal pressures of 120 -150 mmHg in the microvasculature. Our more recent work indicated a loss of agonist-induced dilation under these conditions [increased intraluminal pressure (IILP) of 150 mmHg for 30 min], with a marked increase in endothelial superoxide production (10) .
MATERIALS AND METHODS
Tissue acquisition and general protocol. All protocols were approved by the Institutional Review Board of the Medical College of Wisconsin. Discarded human omentum, subcutaneous or pericardial adipose was obtained at the time of surgery and placed in cold 4°C HEPES buffer solution. Arterioles were cleaned of fat and connective tissue and were prepared for continuous measurements of diameter as described previously (31) . Tissue from patients with hypertension, CAD, and diabetes were excluded from this study.
Materials. Endothelin-1 (ET-1) was obtained from Peninsula Laboratories. Other chemicals were obtained from Sigma-Aldrich. ET-1 was prepared in saline with 1% bovine serum albumin. Rotenone and MitoPY1 (Tocris Bioscience) were prepared in DMSO. Other agents were prepared in distilled water or physiological saline solution. All concentrations represent the final steady-state concentrations in the tissue bath.
Cannulated artery preparation. The vasodilator response to flow in microvessels was evaluated as previously described (28) . In an organ chamber, both ends of the vessel (50 -200 m) were cannulated with glass micropipettes filled with Krebs buffer and pressurized (60 mmHg) for video microscopy of diameter change. Flow gradients were generated as described by Kuo et al. (23, 24) using pipettes of identical impedance. Data are reported as percentage of maximal diameter at a given flow rate or pressure gradient. Pressure gradients of 5-100 cmH 2O (correlating to flow rates of ϳ5-20 l/min) were generated, and steady-state diameter was assessed at 5 min after each change. Two flow-response curves were generated for each vessel, one before and one after the 30-min IILP. When possible, two vessels from the same tissue were used, with and without pharmacological intervention [100 M N G -nitro-L-arginine methyl ester (L-NAME); 500 U/ml polyethylene glycol (PEG)-catalase; 1 M rotenone; 10 M mitoTempol; 100 M 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO); and 10 M sepiapterin].
Increased intraluminal pressure. To increase intraluminal pressure in the cannulated microvessels, reservoirs connected to both sides of the vessel were simultaneously raised to a height creating a pressure of 150 mmHg for 30 min, followed by a 30-min recovery period (60 mmHg) before the second dose-response curve. For fluorescence studies (MitoPY1), this procedure was performed before the first dose-response curve and compared with a separate vessel from the same tissue without pressure treatment (time control).
Assessment of mitochondrial ROS. The fluorescent probe MitoPY1 (Tocris Bioscience; 10 M) (5, 35) was used to assess mitochondrial H 2O2. Vessels were prepared in the same manner as vasodilator studies, except that HEPES buffer (275 mM NaCl, 7.99 mM KCl, 4.9 mM MgSO4, 3.2 mM CaCl2, 2.35 mM KH2PO4, 0.07 mM EDTA, 12 mM glucose, and 20 mM HEPES acid) was used. The pH was stabilized at 7.4 at 37°C. Vessels were cannulated with MitoPY1 added to the buffer perfusing the lumen of the vessel and maintained at 37°C for the duration of the experiment. After sufficient time for cellular integration of the probe (30 -45 min), IILP was increased to 150 mmHg for 30 min. After lowering the pressure to 60 mmHg, the buffer in the organ chamber was changed and fluorescence of the vessel was detected before and after inducing a flow gradient of 100 cmH 20 for 5 min. All vessels exposed to IILP were compared with a separate vessel from the same tissue without pressure treatment (time control).
MitoPY1 fluorescence was measured with a Nikon eclipse TE200 microscope equipped with a ϫ20 objective and Hamamatsu C4742-95 camera using an excitation wavelength of 489 nm with emission detection at 540 nm. Fluorescence was quantified by freehand selecting the vessel and subtracting the fluorescent intensity of the background using MetaMorph (Version NX). Values are expressed as relative increase from baseline (0 vs. 100 cmH 2O pressure gradient).
Statistical methods. Data are presented as mean value Ϯ SE. For all flow-response curves, differences between groups at each flow gradient were determined using a two-way, repeated-measures ANOVA. A post hoc Tukey test was used for comparison of more than two means following ANOVA. A probability value of P Ͻ 0.05 was considered to be statistically significant. For fluorescence studies, a one-way ANOVA was used with post hoc Tukey test. . IILP had no effect on endothelial-independent dilation to papaverine (C). *P Ͻ 0.05 vs. vehicle control; #P Ͻ 0.05 vs. prepressure by two-way ANOVA repeated measures (RM). Values are means Ϯ SE; nos. parentheses are no. of measurements. L-NAME, N G -nitro-L-arginine methyl ester; c-PTIO, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; PEG, polyethylene glycol; A, diameter; IILP, increased intraluminal pressure.
RESULTS
Discarded human adipose tissue was collected at the time of surgery from 42 patients undergoing a variety of surgical procedures (e.g., bowel resection, reconstructive surgery). Only 2 of 42 had any cardiovascular risk factors. None of the subjects had clinically diagnosed CAD. Patient demographics are show in Table 1 .
Effect of IILP on FMD. FMD in microvessels from individuals without cardiovascular disease was abrogated by L-NAME (Fig. 1, A and B) . Following IILP, peak FMD was reduced by 20.5% (Fig. 1, A and B) and was further reduced by PEGcatalase (Fig. 1B) , indicating a primary role for H 2 O 2 in maintaining vasodilation. IILP had no effect on endotheliumindependent dilation to papaverine (Fig. 1C) . In the presence of both L-NAME and PEG-catalase, FMD was eliminated after exposure to IILP (max %dilation: pre-IILP Ϫ0.2 Ϯ 0.2 vs. post IILP 3.2 Ϯ 2.1; n ϭ 4).
Source of hydrogen peroxide mediating FMD. To determine the source of the H 2 O 2 responsible for FMD, we combined functional studies and fluorescence imaging. Rotenone, an inhibitor of mitochondrial electron transport chain complex I, had no effect on FMD in vessels before exposure to IILP but after IILP rotenone reduced FMD (%max diameter: 21.2 Ϯ 3.5; P Ͻ 0.05 vs. before; Table 2 ). In separate experiments, the mitochondrial targeted free radical scavenger mitoTempol inhibited FMD similarly after IILP, with no effect under control conditions (%max diameter: pre-IILP ϭ 87.9 Ϯ 4.8; post-IIP ϭ 22.3 Ϯ 4.2; P Ͻ 0.05). These findings indicate that mitochondrial free radicals contribute in a prominent mechanistic way to FMD after exposure to IILP.
MitoPY1, a fluorescent probe specific for mitochondrial H 2 O 2 (5, 7), was used to confirm H 2 O 2 production in response to increased intraluminal flow. Following IILP, MitoPY1 fluorescence increased during flow compared with vessels studied in parallel that were not exposed to pressure (Fig. 2) .
Role of NOS. Before IILP, the NO scavenger c-PTIO reduced maximal percent FMD to 18.0 Ϯ 2.3, similar to the effect of L-NAME, suggesting that NOS-derived NO is the principal mediator of FMD under normal conditions. Similar to L-NAME, c-PTIO had no effect on vasodilation after IILP (Fig. 3) .
Sepiapterin prevents transition from NO to H 2 O 2 as mediator of FMD in microvessels. Under normal conditions, eNOS generates NO. However, the absence of the cofactor tetrahy- drobiopterin (BH 4 ), uncouples eNOS resulting in generation of superoxide and H 2 O 2 rather than NO (1) . To test the contribution of uncoupled NOS to ROS generation following IILP, we treated isolated vessels with sepiapterin (10 M), a stable, cell permeable precursor of BH 4 synthesis. Sepiapterin prevented the decrease in dilation after IILP. Furthermore, the mechanism of FMD following IILP remained L-NAME-inhibitable, indicating the response was NOS mediated (Fig. 4, A and B) . To confirm NO as the mediator of FMD, c-PTIO was added to the tissue bath. In the presence of sepiapterin, c-PTIO decreased the FMD response before and after exposure to IILP in a similar manner to L-NAME (Fig. 4, C and D) . In the presence of sepiapterin, scavenging H 2 O 2 with catalase had no effect on FMD either before or after IILP (Fig. 4, E and F ).
DISCUSSION
The current study documents a transition in the mechanism of FMD in human arterioles following a brief exposure to IILP (Fig. 5) . We confirm that under normal conditions the mechanism of FMD in the microcirculation of individuals without cardiovascular disease involves eNOS-derived NO (with H Together, these results suggest that formation of H 2 O 2 after IILP is mediated by the mitochondria with levels of NO bioavailability playing a crucial role for regulation of mitochondrial ROS production.
Mechanism of FMD in health and disease.
In subjects without CAD, NO is the primary mediator of FMD in resistance (36) and conduit (18, 33) vessels. It is well established in both animal models and humans that external stressors or disease reduces NO bioavailability in the vasculature. One of the major risk factors for cardiovascular disease is hypertension. Here we show that even brief elevations in pressure within the vessel are sufficient to produce a significant impairment in endothelial function by suppressing NO-mediated dilation. Furthermore, after exposure to increased pressure, the vasodilator response to the flow stimulus is mediated by a compensatory rise in mitochondrial-derived H 2 O 2 , which serves as the primary dilator mechanism.
Hypertension elevates vascular ROS, which scavenge NO (41, 42) . Previous studies have shown that compensatory mechanisms can preserve FMD in the presence of chronic disease in humans (19, 28, 38) and in animal models of cardiovascular disease (3, 20, 21) . For example, mouse models with genetic deletion of eNOS have compensatory dilator pathways that involve metabolites of arachidonic acid or H 2 O 2 , (3, 15) . Our data indicate that such compensatory dilator mechanisms can be invoked in a relatively short period of time (30 min). In human vessels, this unique ability to transition mechanisms of FMD has been described by us and others (9, 37, 39) but does not occur in all situations. In pig coronary arterioles, FMD is mediated by NO. However, acute inhibition of NOS (24) or chronic hypercholesterolemia (25) eliminates FMD in the porcine heart with no compensatory dilation. The data presented here demonstrate an adaptive response to IILP that results in a switch in mediators with preservation of the FMD response.
Coupled vs. uncoupled NOS in disease. One of the major risk factors for cardiovascular disease is increased arterial pressure, and uncoupling of eNOS has been documented to contribute to the progression of hypertension (13) . The ability of eNOS to produce superoxide during stress conditions (e.g., absence of cofactors or substrate) is frequently associated with cardiovascular disease states. That sepiapterin, a precursor of the eNOS cofactor BH 4 , prevents uncoupling of eNOS and blocked the switch from NO to H 2 O 2 as the mechanism of FMD further underlies the importance of NO bioavailability for the maintenance of normal vascular function. These results also suggest a possible role of uncoupled eNOS as one of the signaling enzymes involved in provoking mitochondrial ROS generation under stress conditions. As our fluorescence data indicate, IILP upregulates mitochondrial-derived H 2 O 2 , which we have previously shown to be the mediator of FMD in arterioles from subjects with CAD (27) . As L-NAME only affected dilation before IILP, the role of eNOS-derived ROS as the main source of vasoactive H 2 O 2 appears minor. However, it must be considered that L-NAME does not block NOSproduction of ROS in all circumstances (2) .
These data suggest a key role of NO in the signaling pathway of FMD under control situations since treatment of vessels with c-PTIO (scavenger of NO) abrogated FMD in controls but had no effect after IILP. This parallels the response seen to L-NAME, which blocks NOS activity, typically preventing either NO or O 2 ·Ϫ formation by NOS. Addition of sepiapterin restores NOS coupling and the NO mechanism of FMD (L-NAME inhibitable pre-and postpressure in presence of sepiapterin). In the presence of sepiapterin, H 2 O 2 did not contribute to FMD.
Mitochondrial ROS as signaling molecules. The mechanism by which IILP provokes the switch in vasodilator mechanism from NO to mitochondrial H 2 O 2 remains unknown. Multiple ion channels (22) nochemical signal transduction of shear. A number of shear sensors are also redox sensitive (30) , which may contribute to shifting the mechanism of dilation, as IILP increases vascular superoxide levels (10) . NO suppresses mitochondrial ROS production through direct quenching of superoxide and inhibition of mitochondrial electron transport chain components (12) . This could potentially explain how a loss of NO shifts dilation to mitochondrial generated H 2 O 2 , and how restoration of NOS production of NO reverts the mechanism of dilation back to NO. Alternatively, superoxide release from uncoupled eNOS may invoke a ROSinduced ROS release mechanism (44) where signaling levels of H 2 O 2 released from NOS induce the release of vasoactive levels of H 2 O 2 from the mitochondria to elicit dilation. Recent data from our laboratory support a critical role for the involvement of ceramide in the switch from NO to H 2 O 2 in subjects with coronary disease (14) . A similar role in pressure-induced changes in endothelial function has not been explored.
Study limitations. There are several potential limitations to our study. Adipose tissue was collected from diverse depots, including visceral and subcutaneous locations. However, we observed no site-specific differences in FMD or its mechanisms (40) . Also, the tissue was obtained from discarded specimens. To maintain required confidentiality, it was not possible to collect comprehensive clinical data (medication lists, quantitative laboratory data). However, the resulting heterogeneity would make any differences we observed more robust. One cannot exclude the presence of residual effects of patients' prescribed medications on isolated microvessels; however, such influences on vascular tone are likely minimal due to washout since vessels are superfused with Ͼ200 ml of drug-free buffer solution for more than an hour before initial diameter measurements are made (31) . Consistent with this expectation, the effects of pharmacological dilator agents added during our protocols are reversed by washing the vessels with fresh buffer.
Nonspecificity of fluorescence tracers is a general concern. MitoPY1 is highly specific for mitochondrial H 2 O 2 (6, 7), but we cannot exclude that other oxidative metabolites are also be detected. This concern is reduced by the observation that PEG-catalase, which is highly specific for H 2 O 2 , eliminates the MitoPY1 signal, indicating specificity of this novel florescent probe. Similarly, rotenone eliminated FMD after IILP. While at higher doses rotenone has been reported to reverse the electron transport chain and result in ROS generation (8) , under the conditions of our experiments rotenone blocks electron transport chain production of ROS (14, 28) . Together with supportive data using the mitochondrial ROS scavenger mitoTempol, we interpret our findings to indicate a necessary role for mitochondrial H 2 O 2 in FMD after exposure to IILP.
Novelty. This study is the first to identify a signaling change in the vasoactive mediator released from the endothelium of human microvessels after a short increase in intraluminal pressure. This observed transition occurs in a matter of minutes, which may have implications for exercise, labile hypertension, and stress-induced increases in mean arterial blood pressure that occur throughout daily life.
